Eukaryotic cells contain numerous membranebound compartments-the cell organelles. The vast majority of organellar proteins are synthesized as precursors on cytosolic ribosomes and have to be transported to their intracellular destinations (1) . The precursor proteins contain organelle-specific targeting signals. Protein machineries located in the cytosol and organelles recognize the precursor proteins and promote their translocation into the organelles. Errors in protein targeting will lead to a mislocalization of proteins with detrimental effects to cell organelles. Thus, in addition to the targeting machineries, quality control systems are important to prevent mistargeting or remove mislocalized proteins from the wrong organelle (2) . In PNAS, Okreglak and Walter (3) report the identification of a quality control system of the mitochondrial outer membrane. Using budding yeast as a model system, they show that a membrane-bound ATPase is a crucial player in a surveillance pathway that detects and extracts mistargeted tailanchored membrane proteins.
In the case of the endoplasmic reticulum (ER) and mitochondria, amino-terminal targeting signals are found in a large number of precursor proteins: signal sequences for the signal recognition particle (SRP)-dependent cotranslational translocation into the ER and presequences for posttranslational preprotein translocation into mitochondria (1). However, several further classes of precursor proteins have been identified that contain different types of targeting signals. One class is formed by tail-anchored proteins, which are characterized by a single transmembrane domain close to the carboxy terminus that functions as a targeting and membrane anchor sequence (4-7). The amino-terminal domain of these proteins is exposed to the cytosol. Tail-anchored proteins comprise ∼5% of integral membrane proteins and are involved in a large variety of functions, including protein translocation, vesicle trafficking, organelle fission, inheritance and motility, and regulation of apoptosis. Tailanchored proteins are targeted to the ER, mitochondria, and peroxisomes in a posttranslational mechanism as the carboxylterminal transmembrane domain leaves the ribosome only on completion of protein synthesis. Tail-anchored proteins thus escape recognition by the cotranslational SRP system and are transported by different transport pathways to their target organelles.
The best-studied sorting pathway of tailanchored proteins is the guided entry of tailanchored proteins (GET) pathway into the ER (4, 5, 7, 8) . In this pathway, the transmembrane domain of a newly synthesized tail-anchored protein is initially recognized by a cytosolic transmembrane domain recognition complex and transferred to the ATPase Get3 (Fig. 1A ). This chaperone cascade shields the hydrophobic transmembrane segment during the journey of the precursor through the cytosol. Get3 delivers the precursor to the ER-resident Get1/Get2 receptor complex that promotes insertion of the precursor into the membrane. In the absence of a functional GET system, additional pathways may be used for insertion of some tail-anchored proteins into the ER [SRP; cytosolic heat shock proteins (Hsp): Hsp40/Hsp70; or unassisted pathway] (4-6).
In contrast to the ER, no common import pathway of tail-anchored precursors into the mitochondria has been identified. The translocase of the outer membrane (TOM complex) is the general entry gate for the majority of mitochondrial precursors. However, it is a controversial issue if the TOM complex is (4) An unassisted pathway for insertion into the mitochondrial outer membrane has also been described. (5) The tail-anchored peroxisomal (P) protein Pex15 uses the GET machinery for initial insertion into the ER membrane, followed by vesicular transport to peroxisomes. (6) A direct pathway for peroxisomal tail-anchored proteins involving Pex19 and Pex3 was also described. (B) In cells with a defective GET pathway, Pex15 is mistargeted to the mitochondrial outer membrane and is removed from this compartment with the aid of the AAA-ATPase Msp1 (red arrows). Small amounts of Pex15 can be correctly delivered to peroxisomes (12) , possibly by the alternative Pex19/Pex3 pathway.
involved in the biogenesis of the tailanchored proteins Bax and Bcl-2 (4). Tailanchored small Tom proteins are inserted into the outer membrane by the mitochondrial import (MIM) complex (9) (Fig. 1A) . Moreover, it was reported that integration of some tail-anchored proteins does not require any known mitochondrial protein but depends on the lipid composition of the mitochondrial outer membrane, in particular on a low ergosterol concentration (10, 11) . In the latter pathway, tail-anchored proteins may be inserted into the mitochondria by an unassisted default route (independently of proteinaceous transport components).
Two import routes of tail-anchored proteins into peroxisomes have been reported (Fig. 1A) . The peroxin Pex15 is initially inserted into the ER via the GET pathway and then transferred to peroxisomes via vesicular transport (8, 12, 13) . Other tailanchored proteins use an ER-independent pathway, where the precursors are targeted to peroxisomes via the Pex19 cytosolic chaperone and the peroxisome-resident receptor Pex3 (14) .
The trafficking pathways of tail-anchored precursors are not fully separate, but probably constitute a complex network within the cell. Lack of a functional GET pathway leads to mistargeting of some ER tail-anchored proteins and of Pex15 to mitochondria (3, 8) . This mistargeting may be explained in part by related properties of the targeting sequences. The transmembrane domains of mitochondrial tail-anchored proteins are shorter than their ER counterparts and are often flanked by positively charged amino acid residues; however, small alterations in the transmembrane domains are sufficient for mistargeting of the proteins (4, 15, 16) . In the cytosol, tail-anchored proteins may thus compete for organelle-specific chaperones/ targeting factors. When the specific targeting machinery is malfunctioning, tail-anchored proteins may use nonnative pathways, leading to their mistargeting to other cellular compartments. Cells are equipped with sophisticated quality control systems that are coupled to biosynthesis factors to allow rapid removal of precursors that fail to properly insert into the target membrane (2). However, a number of precursors can escape this preemptive quality control system and are mislocalized to other organellar membranes. It is unknown how mitochondria deal with mistargeted tail-anchored proteins.
Okreglak and Walter (3) shed light on this fundamental question. The authors identify a role of Msp1 (mitochondrial sorting of proteins) in the removal of mistargeted Pex15 from mitochondria (Fig. 1B) . Msp1, an ATPase of the ATPases associated with diverse cellular activities (AAA) family, is located in the mitochondrial outer membrane, as well as in the peroxisomal membrane (3, 17) . In an elegant series of experiments, the authors show that Msp1 binds to Pex15 mistargeted to the mitochondria and promotes its removal (3) . When the GET pathway is Okreglak and Walter report the identification of a quality control system of the mitochondrial outer membrane.
functional, only small amounts of tailanchored proteins are mislocalized to the mitochondria and are readily removed by Msp1. When the GET pathway is defective, larger amounts accumulate at the mitochondrial outer membrane and disturb mitochondrial functions, including alteration of mitochondrial shape (3, 8) ; under these conditions, Msp1 is crucial for removing the mistargeted proteins. Double deletion strains of GET components and MSP1 display a strong synthetic growth defect and cause a massive accumulation of Pex15 at mitochondria. Overexpression of Msp1 in the get3 deletion background leads to relocalization of Pex15 into the cytosol, providing strong evidence that Msp1 is required for extraction of the protein from the mitochondrial outer membrane (3) . In this quality control function, Msp1 may be related to cell division cycle 48 (Cdc48/p97/ VCP), an AAA-ATPase that removes proteins from the ER membrane and targets them for proteasomal degradation (18) .
Okreglak and Walter (3) thus identify the first mitochondrial outer membrane protein that is involved in the removal of mislocalized tail-anchored proteins. This mechanism may constitute an important cellular defense system as wrongly localized proteins can hamper mitochondrial function. Future studies will aim at elucidating the molecular mechanisms of substrate recognition and removal by Msp1. How can Msp1 specifically distinguish between mistargeted and authentic mitochondrial tail-anchored proteins? Msp1 is present on the mitochondria and peroxisomes, yet it removes only Pex15 that is mistargeted to the mitochondria and not peroxisomal Pex15. What is the molecular basis for this organelle selectivity of Msp1 and which role is played by peroxisomal Msp1? Thus far, Pex15 is the only identified substrate of the Msp1 quality control pathway. It will be crucial to investigate whether Msp1 exhibits a more common function in the clearance of mislocalized proteins or whether it is specific for Pex15. Because Okreglak and Walter (3) found that a number of mistargeted tailanchored proteins are not degraded via Msp1, the presence of additional pathways that facilitate the degradation of mislocalized tailanchored proteins is likely. Several pathways for ubiquitylation of mitochondrial outer membrane proteins and the recruitment of Cdc48 to the mitochondria have been described (19, 20) , which may contribute to the removal of mistargeted tail-anchored proteins from the mitochondria.
